Sandalwood oils are among the oldest perfumery raw materials produced mainly by steam distillation of heartwood from various Santalum L. species. East Indian sandalwood oil from S. album L. is until today considered as the gold standard [1] . The multifaceted scent [1a,2] of this magnificent natural product is an inspiration not only to perfumers but also to scientists. This is partly related to the fact that both a commercially viable synthesis [3] and a biotechnological approach [4] leading to the main odor-active principle of all sandalwood oils, (-)-(Z)-β-santalol, seem to be an insurmountable challenge for the scientific community.
The hemi-parasitic, evergreen sandalwood genus Santalum, Santalaceae family, includes approximately 16 species and several varieties [5] . Its natural distribution is broad-ranging from India, through Indonesia, Australia, Polynesia and eastwards to the Hawaiian Islands and the Juan Fernandez Islands [6] . It is worth mentioning that one quarter of all named Santalum species are endemic to the Hawaiian Archipelago; an isolated chain of islands in the Pacific Ocean [7] . Sandalwood from Hawaii was a very lucrative trading item throughout the late 18 th and early 19 th century during which time many thousands of tons were harvested and exported, particularly to China, for the manufacture of furniture and incense [8] . From an ecological point of view this over-harvesting of sandalwood trees was disastrous, but serendipitously the Santalum genus did not become extinct in the Hawaiian Archipelago [8] . Today, at least four sandalwood species and several varieties [7] are known on the Hawaiian Islands, while other taxonomic revisions suggested up to six species [9] The green-whitish flowering S. paniculatum trees are endemic only on the island of Hawaii, also called "The Big Island" [11] , where they are widely distributed [12] . Two significantly intergrading varieties of S. paniculatum have been described: var. paniculatum and var. pilgeri (Rock) Stemmerm. [12b]. S. paniculatum is the only Hawaiian sandalwood species that is currently commercially harvested, in very limited quantities [8] , and conservation efforts are being introduced. Standing trees and fallen trunks are mainly exported as sandalwood logs and only small amounts have been recently subjected to distillation to produce a unique oil: Hawaiian sandalwood oil. The oil is scarce and only occasionally available in commercial quantities. Thomson et al. correctly stated in their publication that "there is no contemporary literature describing the oil qualities of the Hawaiian sandalwoods" [10a] .
We have taken on the task to fill this scientific gap. Here we report the detailed analyses of four Hawaiian sandalwood oils from S. paniculatum, and an odor evaluation in comparison with East Indian sandalwood oil. In addition we compared the composition of this oil with four other sandalwood oils from different species.
All four sandalwood oils were slightly yellow to yellow and originated from wood harvested on the island of Hawaii. Oils A and B were steam distilled from heartwood while C was manufactured using a two-step procedure: I) steam distillation of butt-wood followed by II) rectification, during which approximately 1% of the low boiling fraction was removed from the essential oil, according to information provided by the supplier. For more details on the manufacturing year and place see Experimental/Plant material.
Analysis was carried out using GC and GC/MS (see Table I ). Constituents were identified by comparing their mass spectra with either known compounds, published spectra or the Symrise in-house library [2b,13] . Like in other Santalum species [14] , (Z)-α-santalol was the predominant compound ranging between 34.5% and 40.4%. Further main constituents characterized in quantities greater on average than 1.5% were (Z)--santalol (11.0-16.2%), (Z)-nuciferol (3.3-6.7%), (Z)-trans-α-bergamotol (3.2-4.8%), epi-β-santalol (2.6-4.2%), (Z)-lanceol (2.0-4.6%), (E)-α-santalal (1.8-2.9%), (Z)-β-curcumen-12-ol (1.4-3.4%), spirosantalol (1.6-2.4%) and (Z)-ɣ-curcumen-12-ol (0.9-2.4%). t  t  t  t  48  2127  Cedrol  t  t  t  t  5 1275 All four oils were comparable, but amounts of single constituents varied significantly in part. One interesting facet of all four oils is the identification of a variety of compounds that have the cedrane skeleton: 7-epi-α-and β-cedrene, cedranoxide, cedrol, cedrandiol and cedrenol. While α-cedrene has been described in other Santalum species [14] , the oxygenated derivatives were either not present or have been overlooked in sandalwood oils thus far. The diversity of such compounds, however, is known from cedarwood oils e.g. Juniperus foetidissima Willd. [17] .
Oil B had the lowest levels of sesquiterpene alcohols (Z)-α-and santalol (34.5%/11.0%) and epi-β-santalol (2.6%) compared with oils A/C/D. Oil D on the other hand had much higher levels of (Z)nuciferol (6.7%), (Z)-lanceol (4.6%), (Z)-β-and ɣ-curcumen-12-ol (3.4%/2.4%), but lower levels of (Z)-trans-α-bergamotol (3.2%) and (E)-α-santalal (1.8%). It is also worth mentioning that (E,E)farnesol levels varied significantly between samples A/B/D (1.3%/1.5%/1.0%) and C (0.4%). Such variations that have been described before in the literature can result from wood-type/treepart (butt-, heart-, root-wood, etc.), age of tree, and last, but not least, oil isolation and further processing conditions [18] . In addition, it is documented that some Santalum species can exist in different chemotypes [19] , and in Hawaii, due to the diversity in the genus Santalum [11] , also mixing of species during wood collection should at least be taken into consideration.
Sample C showed differences in the low-boiling fraction of the oil which can be attributed to its production process. Manufacturing of C included a rectification step to remove mainly low-boiling hydrocarbons, which are present in oils A and B either exclusively e.g. 7-epi-α-cedrene or in much higher quantities like α-, epi-α-and -santalene, as well as α-and -curcumene. Oil D also showed a reduced amount in the low volatile fraction, but less pronounced at least in the santalene part compared with sample C. From this observation we can assume that oil D was probably also at least slightly rectified; however, we lack any information on the production process of this oil. The rectification step in C clearly led to significantly higher levels of (Z)-α-and -santalol compared with the other oils. Interestingly, this is not the case for oil D. However, as already stated above, bisabolane-type sesquiterpene alcohols were significantly increased in this oil.
Highly volatile components play a significant role in the top-note of essential oils. Reduction/removal of this low-boiling part via rectification will have an impact on the odor impression. A detailed odor evaluation was carried out by our perfumers on smelling strips using a 10% solution of the respective oil in dipropylene glycol (DPG). Indeed the production difference between A and C was clearly obvious in the top-note: while A has a strong, cedarwoody, spicy-fresh top-note with some green facets, D was devoid of these Santalum paniculatum essential oil composition Natural Product Communications Vol. 9 (9) 2014 1367 top-notes. Further olfactory analysis revealed that all four oils elicit an impactful fresh sweet-woody, floral, oily-nutty, balsamic odor reminiscent of East Indian sandalwood oil but less creamy-milky, animalic and slightly weaker. The dry-down was being described as rich-woody, milky and floral with similar tenacity compared with the oil from S. album, but overall it was weaker and less radiant.
To further classify Hawaiian sandalwood oil, S. paniculatum was compared with four other Santalum species (see Table 2 ): S. album L. from East India [21], S. austrocaledonicum Viell. from New Caledonia [22] , S. insulare Bertero ex A.DC. from Eastern Polynesia [23] and S. spicatum (R.Br.) A.DC. from Australia [21a,24] using only main sandalwood constituents (>1%). For this analysis we assessed only oils which, to the best of our knowledge, were steam/hydro distilled and not further treated [25] . Only inhouse analyses were used, and the authors are aware that this comparison should be viewed as a preliminary assessment due to the small sample size (2 to 7 references). Santalum spicatum was quite easy to differentiate from the four other Santalum species with its higher levels of dendrolasin, α-and β-bisabolol, (Z)-β-and ɣ-curcumenol, and lower levels of (Z)-α-and β-santalol. (Z)-12-Hydroxy-sequicineol and 11-epi-6,10-epoxybisabolenol [24] can serve as marker compounds for this species. It is worth mentioning that the range given in Table 2 for (Z)-αsantalol (15.0-25.0%) and (2E,6E)-farnesol (2.5-15.0%) is not in agreement with the ISO standard [20a]. The other 4 species were much more difficult to distinguish: S. paniculatum and S. spicatum showed the lowest (Z)-β-santalol levels of the five species. By contrast with the other 3 species, α-santalal levels were higher in S. paniculatum and S. album. Spirosantalol levels were high in S. paniculatum, as was the level of (E)-β-santalol in S. album, in comparison with the respective other species. S. austrocaledonicum contained higher amounts of lanceol and trans-α-bergamotol compared with the others. S. insulare was difficult to distinguish and can best be determined via analysis of exclusion. Like S. album, farnesol levels were below the detection limit. Intra-species variations in S. insulare are big, which can be linked to the fact that S. insulare is not a homogeneous species but consists of several varieties and chemotypes [7, 19] .
In summary, our analysis of four commercial S. paniculatum wood oils from the island of Hawaii not only filled a scientific gap [10a] , but the comparison with 4 other Santalum species showed significant composition differences versus S. spicatum and a lot of similarities with the other 3 sandal species: S. album, S. insulare and S. austrocaledonicum. This is in-line with the molecular biological findings published by Harbaugh and Baldwin [7] .
Despite the fact that sandalwood logging reached its climax a long time ago [8] , the demand today remains high [1a] and overexploitation remains a threat for the genus. Sandalwood can serve as an example why sustainability needs to be close to all our hearts and why natural products should not per se be considered as more sustainable compared with synthetic aroma molecules.
Extinction of an odoriferous species like S. fernandezianum F.Phil. [7] should not only be treated as a loss in biodiversity, but also as a missed odor inspiration for the fragrance industry. In the long run, cultivation of Santalum species seems to be the only possibility to source sandalwood in a sustainable way without further destroying nature [26] . This is already practiced today despite the hemiparasitic nature of sandalwood [27] . In addition, synthetic sandalwood molecules [2,28] have established their place in the perfumers' palette as a valuable alternative to the natural products.
Experimental
General: GC/MS: Agilent 6890N GC (DB-Wax: 60 m x 0.25 mm x 0.25 µm film thickness, carrier gas He, 60°-240°C at 3°C/min) connected to Agilent 5975B quadrupole mass spectrometer, 70eV (EI mode), mass range 25-550amu. -GC: Hewlett Packard 6890 with FID and sniffing port (for column and temperature program see GC/MS). -All solvents and reagents are commercial products (Merck or Sigma-Aldrich) and were used as received.
Plant material: All four samples originate from S. paniculatum wood collected on the island of Hawaii. Essential oil A was produced in 2013 by steam distillation of heartwood and traded as Royal Hawaiian Sandalwood oil by Hāloa Aina LLC, Hawaii, USA. Oil B was steam distilled from wood in July 2012 on the Hawaiian archipelago. Sample C is a rectified steam distillate produced in 2012 in Australia by Mount Romance Pty. Ltd. and available as Pure Pacific Sandalwood oil from TSF Corporation Ltd., Australia. Butt-wood was used for oil manufacturing containing a large percentage of sap-to heartwood ratio. For specimen D we lack manufacturer and production information.
